Acta Anaesthesiol Scand. 2020;64:472-480. wileyonlinelibrary.com/journal/aas
In the next step, it has to be elucidated which children fall below these references or, in other words, which patients are at outliers of the reference values?
In adults, there is evidence that older age, higher ASA-physical status, and co-existing conditions such as hypertension, diabetes mellitus, and myocardial infarction are associated with intraoperative hypotension. Additionally, in adults, researchers reported that intraoperative low blood pressure is associated with organ injury and adverse outcomes such as prolonged postoperative stay and death. On the other hand, in the pediatric population, this evidence is not present, although blood pressure has been suggested as a key factor for safe pediatric anesthesia. [3] [4] [5] [6] [7] [8] In contrast to research in adults, only a few studies are available in children, where fasting status, ASA physical status, preoperative hypotension, intravenous induction, propofol dosage, and body mass index were found to be associated with intraoperative hypotension in children. [9] [10] [11] The aim of this study was to explore whether children who have a low blood pressure during anesthesia are different than those with normal blood pressure. The focus of the present study was on the pre-incision period. We hypothesized that several pre-existing patient characteristics are associated with pre-incision blood pressure and that differences in the management of anesthesia induction, such as differences in medication dosage are associated with pre-incision blood pressure.
| ME THODS
This retrospective cohort study included all non-cardiac pediatric anesthetic procedures performed at a specialized tertiary referral university hospital (Wilhelmina Children's Hospital Utrecht, the Netherlands), from January 1, 2012 until December 31, 2016. Similar to the previous study in which the reference curves were developed, 2 we excluded cardiac procedures or when the surgical specialty was missing. Also, at least two blood pressure measurements had to be available before incision. If the time of incision was not available, the procedure was excluded. All data were retrospectively collected from the Anesthesia Information Management System (AIMS, Anstat, version 2.0.4, 2015, Carepoint) and Electronic Health Record (HiX, Chipsoft). The IRB waived the need for informed consent under the Dutch Data Protection Act (METC number 16/235).
We de-identified the data before analysis.
| B LOOD PRE SSURE
We based low pre-incision blood pressure on non-invasive mean arterial blood pressure measurements, as this parameter, rather than systolic or diastolic blood pressure, is the key parameter in the local protocol for intraoperative blood pressure control. Noninvasive blood pressure is measured according to protocol at least every 5 minutes by oscillometry and stored in the AIMS database.
For our definition of low pre-incision blood pressure, we collected measurements within 20 minutes before the start of the procedure (marked by an event registration of start incision) and calculated the mean of the last three of these measurements, which was the same method as was used in the development of the previously published references. Before the collection of measurements, we removed measurements that were defined as artifacts, that is, when the diastolic pressure was lower than 3 mm Hg, when the systolic pressure was equal or higher than 250 mm Hg, when the pulse pressure (systolic pressure minus diastolic pressure) was lower than or equal to 5 mm Hg or when one of the systolic, diastolic, or mean arterial pressure values was missing. 2 Subsequently, using the reference curves, we calculated a standardized pre-incision blood pressure (Z-score)
given the patient's height and gender using the relevant reference curve for mean arterial blood pressure values in the pre-incision period. 2 We collected height values within a clinically relevant time period before surgery, whereby this period depended on patient age (see Data S1). If no height measurement was available within this period, we considered height as missing data. Finally, we defined low pre-incision blood pressure as a standardized blood pressure value (Z) lower than −2 standard deviations (SD) (ranging from 19-48 mm Hg, for height 45-200 cm). We considered a standardized blood pressure between −2 SD and 2 SD (55-105 mm Hg, for height 45-200 cm) as normal, and standardized blood pressure above 2 SD as high. 2 We purposefully do not define hypotension in this study, which would imply that the blood pressure below a threshold is too low and harmful. Since there is no clear consensus on a hypotension definition for pre-incision blood pressure in children under anesthesia, the choice of cut-off value in this paper was arbitrary.
| PATIENT AND ANE S THE S IA CHAR AC TERIS TIC S
Characteristics were divided into patient and anesthesia-related characteristics. Patient characteristics collected for this study were gender, age, preoperative height, preoperative weight, ASA physical status, preoperative blood pressure (in mm Hg), time of the start of the procedure (morning: 8 am to 12 am; afternoon: 12 am to 5 pm; evening till midnight: 5 pm to 12 pm; and after midnight: 12 pm to 8 am), previous surgery, and pre-operative comorbidities. These
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factors have been studied before and were associated with blood pressure in children or in adults. 3, 9, 10 We collected comorbidity data from preoperative evaluation charts, where we focused on comorbidities we assumed likely related to intraoperative blood pressure. When preoperative evaluation was performed but information on comorbidities was (partly) missing, we assumed that these comorbidities were not present.
Procedure characteristics which we considered were as follows:
surgical specialty, priority status, anesthetic technique performed, medication use during pre-incision phase (propofol, atracurium, and sufentanil), and the inspired sevoflurane concentration. 3, 10, [12] [13] [14] [15] The start of the pre-incision period during which medication data were collected, was defined by the first of the three bloodpressure measurements that were used to calculate the pre-incision blood pressure. The end of this period was equal to the start of the surgical procedure. From this period, the median of inspired sevoflurane concentration was used.
| S TATIS TIC AL ANALYS E S
In the first part of the analyses, we described the characteristics of the patients and the procedures in which a low pre-incision blood pressure occurred and compared these characteristics to children with a normal pre-incision blood pressure. Hence, we excluded cases with a relatively high blood pressure (>2 SD) for this part of the analysis. For continuous data, the median and interquartile range are presented. Because of the large sample size, we assumed the variance to be normally distributed, and compared the groups using a t test. In case of categorical and dichotomous variables, the data are presented as counts and percentages and groups are compared with a chi-squared test.
In the second part of the analyses, we assessed the association between patient and anesthesia characteristics versus blood pressure using the calculated Z-scores as a continuous outcome variable using multivariable linear regression analysis. Cases with a high blood pressure (Z > 2SD) were included in these analyses. We included the same patient characteristics-excluding height, weight, and ASA physical status because of expected collinearity-and anesthesia characteristics into a linear regression model with standardized pre-incision blood pressure as outcome. This first and second part of the analyses were defined before prior to obtaining the data.
The study was designed and reported according to the STROBE guidelines.
As a post-hoc analysis, to investigate whether potential risk factors were different for infants and older children, we fitted the same model in children younger than 12 months and children older than 12 months separately.
Missing data rarely occur completely at random and conducting complete case analysis typically leads to biased effect estimates. 16, 17 Therefore, we used multiple imputation using the mice package. 18 We imputed 20 complete datasets, in which we used passive imputation to impute Z-values for pre-incision blood pressure. We pooled effect estimates and test statistics in individual imputation sets using Rubin's rules. 16 Results presented throughout the manuscript are based on these imputed data.
We extracted and processed the data from our local enterprise data warehouse, using SAS software (Version 9.4, Copyright © 2013 SAS Institute Inc). We further processed and analyzed the de-identified data in R (R Foundation for Statistical Computing. https :// www.R-proje ct.org, version 3.3.2 [2016-10-31]). We considered a P value < .05 statistically significant throughout the analyses.
| RE SULTS

| Cohort selection
Within the study period, we identified 31 984 pediatric anesthesia procedures. We excluded 2 877 (9%) cases as these were cardiac procedures or the surgical specialty was missing. An additional 8 145 (25%) cases were excluded because the number of measurements was too low (less than 2). This resulted in 20 962 included procedures ( Figure 1 ). Distribution of gender, age, ASA physical status, and surgical specialty of all procedures and those included in our analysis are provided in Table 1 . We selected three blood pressure Excluded due to number of available blood pressure measurements n = 8145 measurements within 20 minutes before incision, which we used to calculate the standardized blood pressure. The median period in which these measurements were selected, was 10 minutes (IQR 7-12). The within patient variation of these blood pressure measurements was low. The median of the standard deviation per patient was 4.2 mm Hg (IQR 2.1-7.8 mm Hg) and the median of the range (maximum minus minimum) was 8 (IQR 4-14).
| Low versus normal blood pressure
In total, 6.1% (n = 1 259) of the procedures patients had a low preincision blood pressure. For this part of the analysis, 477 cases with high pre-incision blood pressure were excluded. The comparison of patient and anesthesia characteristics showed that children with low blood pressure were older, more often female, weighed more, were longer in height, had a higher pre-operative blood pressure, had more often previous surgery, were more often operated after office hours (after 5 pm), had more often movement disorders, and had more often kidney disorders ( Table 2 ). In addition, these children underwent procedures of different surgical disciplines. Emergency surgery was less common in children with a low pre-incision blood pressure. The combination of general and a loco-regional anesthesia and a tube (instead of a supraglottic airway) was more often used in the low blood pressure group. Dosage of pre-incision medication was similar in both groups, and concentration of sevoflurane was lower in the low blood pressure group (Table 3 ). The dosage of propofol, atracurium, and sufentanil was not associated with pre-incision blood pressure. In contrast, a higher concentration of sevoflurane (0.03 per sevoflurane % [0.02-0.05]) was associated with an increase in pre-incision blood pressure.
| Characteristics versus blood pressure
| Different age groups
As a post-hoc analysis, the model was fitted in infants and older children separately. The model for children under 12 months (Table 4) showed fewer significant associations than the model with the older children (Table 5 ). Age, pre-operative blood pressure, surgical specialty, and use of loco-regional technique are associated with preincision blood pressure in both groups. Gender, previous surgery, epilepsy, inspired sevoflurane, and sufentanil dosage are associated with pre-incision blood pressure in children over 12 months, but not in infants, whereas lung disorders and choice of artificial airway are associated with pre-incision blood pressure in infants, but not in older children.
| D ISCUSS I ON
| Overall results
We were not able to identify a "typical" child or procedure prone to have a low pre-incision blood pressure. Instead, the group of children with a low blood pressure was quite heterogeneous. We found several associations with pre-incision blood pressure, of which the association with the use of a loco-regional technique was the most profound.
At first glance, patient factors such as age, preoperative blood pressure, bronchial hyperreactivity, epilepsy, kidney disorders, and surgical specialty had the largest influence on pre-incision blood pressure. In comparison, in the anesthetic management, only the use of loco-regional anesthesia, the type of airway management and sevoflurane concentration were factors associated with blood pressure. It is likely though that other unmeasured factors are taken in account by the anesthesiologist, which we are unable to collect objectively in retrospective data, for example anesthesia dosing strategy based on clinical experience and intuition. These factors may have a larger influence on blood pressure than those included in this study. blood pressure as a drop of blood pressure relative to the pre-operative blood pressure of the patients. 19 The factors age and pre-operative blood pressure which we found to be associated with pre-incision blood pressure in this study have been reported previously. 10, 19 If we compare the association of pre-incision blood pressure with patient and anesthesia characteristics between infants and children older TA B L E 2 Comparison of patient characteristics between anesthesia procedures with low and normal preincision blood pressure than 12 months, we did observe some differences. But we have to take into account that the number of infants was considerably smaller than the overall population (n = 3858; 20% of overall population) and that some of the factors hardly occurred in this age group, such as for example epilepsy. This has lowered the power to detect a potential association.
| Comparison with previous research
| Strengths and limitations
To our knowledge, only a limited number of studies have tried to characterize children with a low pre-incision blood pressure. 9, 11, 20 The large sample size and broad inclusion criteria are strengths of the present study. We aimed to facilitate interpretation using gender and height adjusted references for normalizing mean blood pressure.
This study was designed to evaluate the reference values for blood pressure during anesthesia which we published previously.
We aimed to gain more information about those children who are below the normal range. Therefore, we preferred to use the same data collection method to prevent bias, that is, to focus only on the pre-incision period, using the last three measurements before incision. We did not explore other methodological options, such as analyzing the pattern of all or part of the blood pressure measurements or summarizing blood pressures in a hypotension metric, for example the minimum blood pressure or the area under a threshold. These methods quantify intraoperative hypotension, requiring a choice in method and, in most cases, a hypotension threshold, which is a source of discussion in hypotension research in adults. 21, 22 Although hypotension quantification was not the aim of the present study, this could be interesting for future research. The current study can be viewed as an initial step in this direction because quantifying hypotension using a standardized blood pressure makes more sense than applying the same hypotension definition to neonates, children, and young adults.
When interpreting the findings of this study, we also need to acknowledge several limitations. First of all, this study was designed as a retrospective observational explorative study. Hence, the findings of this study cannot directly be generalized to clinical practice at this point but should be considered as hypothesis generating for further research. Second, the reference curves we used were developed on a multi-center dataset, containing TA B L E 3 Comparison of procedure characteristics between anesthesia procedures with low and normal preincision blood pressure predominately US centers, including relatively healthy children (ASA physical status 1 and 2). 2 Our study population was different to this population, since we also included higher ASA physical status. Consequently, potential misfit of the reference curves may have biased our findings. We have some indication that this phenomenon existed in the data, which we studied. We expected age not to be associated with blood pressure because we adjusted blood pressure indirectly for age when we calculated the Z-values.
Nevertheless, age remained associated after a multivariate model was fit. We also cannot rule out that other factors were associated with blood pressure, as a consequence of collinearity with age. Third, we did not take into account measurement aspects of pre-incision blood pressure such as patient position, blood pressure cuff size used, or manipulation of the patient during measurement. These aspects were not reliably registered in our AIMS data. Not taking measurement aspects into account may lead to artifacts, extra variation or bias in the data. 23 
| CON CLUS ION
In conclusion, the population of children with a low pre-incision blood pressure is heterogeneous and therefore we cannot describe a typical pediatric patient prone for low blood pressure during surgery. Although pre-incision blood pressure is associated with choices in anesthesia technique, for example with loco-regional anesthesia technique, we do not think that the data of the present study indicate that current clinical practice should be altered in favor of the intraoperative blood pressure.
The data presented is a representation of a safe anesthesia practice, in which low blood pressure can occur and is also managed adequately.
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F I G U R E 2
Forest plot of results of linear regression model for association between patient and procedure characteristics vs standardized pre-incision blood pressure (Z-score). Effect sizes are in Z-score (unit is 1 standard deviation (SD)) with a 95% confidence interval (95% CI) of pre-incision blood pressure. For time of surgery, the reference was midnight till morning, for specialty the reference was pediatric surgery and for artificial airway the reference was tube. *P value < .05, **P value < .001 Atracurium (mg/kg) −0.08 (−0.23 to 0.07)
Note: Effect sizes are presented as betas and should be interpreted as follows: an increase in one unit of the covariate will increase the blood pressure Z-value (standardized pre-incision non-invasive blood pressure) by beta times the SD and 95% confidence intervals (CI). Note: Effect sizes are presented as betas and should be interpreted as follows: an increase in one unit of the covariate will increase the blood pressure Z-value (standardized pre-incision non-invasive blood pressure) by beta times the SD and 95% confidence intervals (CI). *P value < .05. **P value < .001.
